. FMD causes serious economic losses due to reduced production and trade restrictions at the local and international level (OIE 2013) . The disease is caused by the FMD virus of the genus Aphthovirus within the family Picornaviridae (Belsham, 1993) . Seven serotypes (namely: A, O, C, Asia1, South African Territories (SAT) 1, SAT 2 and SAT 3) have been identified with intraserotype antigenic variations around the world (Beck & Strohmaier, 1987; OIE, 2013) . Recovery from infection or prophylactic vaccination for one serotype does not confer cross-protection against other serotypes (Kitching, Knowles, Samuel, & Donaldson, 1989) . Therefore, the characterization of serotypes is needed to select the appropriate vaccine to control FMD outbreaks (Jamal & Belsham, 2013) .
In Southeast Asia, FMD is endemic and serotypes O, A and Asia 1 have been identified in pigs, cattle and buffaloes as circulating serotypes (Gleeson, 2002; Le et al., 2010) . In Vietnam, FMD constitutes a huge economic burden for large-and small-scale producers . It is a notifiable disease, and circulation of the serotypes O, A and Asia 1 has been reported across the country since 1999 (Le et al., 2010) . Serotypes O and A are the most prevalent (Gleeson, 2002) .
Since 2006, Vietnam has a national control programme in place which includes vaccination, movement control, modified stamping out and disinfection. A national FMD control and prevention programme has been established and runs in phases of 5 years.
The current programme runs from 2016 to 2020 and includes vaccination, post-vaccination monitoring, movement control, establishment of free zone with vaccination, surveillance (mainly, clinical investigation), outbreak investigation and response and communication. The FMD vaccination has been applied for cattle and buffalo in control and buffer zone, while vaccination for other livestock (pigs and small ruminants) has been applied at the owner's expenses. When there is an outbreak of FMD, suppressive vaccination is often applied to affected and surrounding premises. A total of 26 provinces (mostly national boundary provinces with Cambodia, Laos and China) are targeted by vaccination programmes, which provide free vaccination with twice per year, every 6 months for cattle and buffaloes. For pigs, vaccination is mainly used among large-scale pig farms at their own expense, but it is not common in small-scale farms, which account for 70%-75% of the total pig production in Vietnam. The main reason for this is the lack of subsidy and incentives for pig smallholders.
To our knowledge, no nationwide studies have been conducted to assess the monthly variations and space-time clusters of FMD in Vietnam. To better understand infection dynamics, the main objective of this study was to identify the temporal patterns and spacetime clusters of FMD in pigs, cattle, buffaloes and sheep/goats from 2007 to 2017 using national surveillance data in Vietnam.
F I G U R E 1 Livestock population by each species in 2017 (sheep and goat populations are not available at provincial level). Source: General Statistics office of Vietnam: https ://www.gso.gov.vn/defau lt_en.aspx?tabxm l:id=778wileyonlinelibrary.com] [Colour figure can be viewed at wileyonlinelibrary.com] 2 | MATERIAL S AND ME THODS
| Study location and description of data
Vietnam is located on the Eastern Indochinese peninsula and is a long, narrow nation with an estimated human population of 92.7 million in 2016 (GSO 2019). Weather differs significantly from one region to another due to the length of the country, resulting in significant variations in the distribution of livestock production systems. Livestock sector contributes about 15%-20% of total income of farmers, which are mostly smallholders (accounting for 70% of livestock production in Vietnam). These small farms have a low level of awareness in biosecurity, which would allow animal movements without restriction. In addition, lack of access to information on livestock management and veterinary services has been identified as a major issue that constrains their livestock production activity. The national surveillance data of 
| Data analysis
Vietnam is officially divided into three administrative units: provinces (total: 63), districts (total: 724) and communes (total: 11,181), and Vietnamese government groups these 63 provinces into eight regions based on similarities of geographical conditions and weather conditions ( Figure 2 ). Our surveillance data were collated at regional level (eight regions), and monthly cumulative cases of FMD were calculated for the study period.
Space-time cluster analysis was implemented using the SaTScan (version 9.5 free available, http://www.satsc an.org), which is commonly used to determine space and space-time clusters in public health fields (Kulldorff, 2001; Mostashari, Kulldorff, Hartman, Miller, & Kulasekera, 2003) . There was a discrepancy of surveillance data hierarchy between cases and livestock population as cases were recorded at commune level (total: 11,181) while livestock population (except sheep and goats) were available at provincial level, which is the largest administrative unit in Vietnam (total: 63). It is difficult to rationalize that the entire livestock population in a province is at risk if an FMD outbreak occurs at commune level. Therefore, a space-time permutation model was used to assess the space-time cluster occurrence as only reported cases were available, but not the livestock-at-risk population data for FMD was available (Kulldorff, Heffernan, Hartman, Assunção, & Mostashari, 2005 and Southeast (2,709 cases; 1.65%) had the lowest reported cases.
| RE SULTS

| Regional distributions and temporal patterns of FMD cases
In the Northwest/East and Red River Delta regions, cases were predominantly observed between November and February (Figure 4 ).
In the North/South Central Coast, the highest cases were reported between October and November followed by February and March.
In the Central Highlands, relatively highest cases were observed in February followed by January, December and July. The Southeast showed that January had the highest cases followed by October and February. In the Mekong River Delta region, most of the cases were reported from November to March. Overall, most cases were observed during the dry season (from November to March) except Central Highlands.
| Space-time cluster analysis
Under the spatial window was set at 50%, a total of seven clusters were identified ( Figure 5 ). The primary cluster (most likely cluster) is least likely to have occurred by chance. SaTScan also identifies the secondary and other clusters in the data set in addition to the most likely cluster and orders them according to their likelihood ratio test statistic.
The primary cluster was observed from Dec 2009 to Dec 2010 in the northwest (radius: 101.67 km), showing ratios observed cases expected cases , 3.75 (19,087/5,095) ( Table 2 ). The secondary cluster was detected in the northeast region (radius: 76.54 km) with a ratio of 3.53 in Jan 2011.
The 5th cluster showed the highest ratio (43.32) followed by the 6th cluster (26.68). The 3rd cluster was the largest with a radius of 176.69 km and located over the 12 provinces and Cambodia while the smallest size was the 4th cluster (radius: 43.95 km) in Long An and Tien Giang provinces. Interestingly, the most temporal clusters included between December and March during the study period. 
| D ISCUSS I ON
This study was the first attempt to evaluate the temporal patterns The primary cluster was detected in the Northeast region where highest cattle and buffalo populations are raised (Figure 1 ).
The 6th cluster was observed in the South Central Coast region
where highest cattle population is raised. A recent study supported that 22% of tested samples in cattle and water buffalo had been previously infected with FMDV, and 10.8% of them were found to be asymptomatic carriers in Vietnam . In addition, some studies have suggested that FMDV transmission is possible from cattle to buffaloes or vice versa (Gomes, Ramalho, & Mello, 1997; Madhanmohan et al., 2014) .
According to the OIE report (Smith et al., 2015) , evaluating the animal movements in the Greater Mekong Subregion. It has been suggested that cattle and buffalo movements seemed to occur from Northeast and Southcentral to other parts of the regions.
These regions may play a critical role in FMD prevention and control in Vietnam. The secondary cluster was observed in the middle of the Red River Delta and the Northwest regions. The Red River Delta region is the main area for intensive pig farms where most of piglets are produced and transported to other provinces and countries (e.g. China, Cambodia and Laos) (Dietze, Pinto, Wainwright, Hamilton, & Khomenko, 2011) . One study has suggested that pigs play a role in the transmission of FMDV to cattle as pigs are commonly raised with other livestock in rural households in Vietnam . However, our study was not able to evaluate the possible transmission of FMDV between species. Therefore, further investigations are needed to better understand the route of FMDV transmission in Vietnam and from Vietnam to other countries.
Some studies have suggested that we cannot ignore the possible role of FMDV transmission from wild boars to domestic livestock (Breithaupt et al., 2012; Valdazo-González et al., 2012) .
However, no studies have been conducted to assess the epide- opportunities to come into contact with wild boars. One study found that higher prevalence of FMD was observed among buffaloes as compared to dairy and beef cattle . Therefore, strengthened monitoring and surveillance programmes are necessary to better understand the role of wild boars and their interaction with livestock.
The number of reported cases has decreased since 2011, but it was difficult to evaluate through our study whether the reduction in reported cases is linked to the FMD control and prevention programme. We found the similar monthly patterns of reported cases across regions during the study period. More cases were reported from November to April, which may be mainly attributed to cul- Current animal surveillance showed that less than 20% of cases were identified with serotypes. The main reason was due to delayed reporting for laboratory analysis or livestock owners have a tendency to use alternative medicine (e.g. lemon juice, starfruit and methylene blue) for treatment, which may kill live virus in the spec- Our study had some limitations, mainly related to data quality.
Firstly, it was likely that FMD cases were underreported due to lack of awareness, professional animal health workers and medical facilities in rural areas. It is also related to a compensation policy for livestock under the natural disaster and diseases. The government compensates VND 38,000 (USD 1.62) per kg for pigs and VND 45,000 (USD Our findings provide better insight into the temporal patterns and distribution of clusters of FMD in Vietnam. This study provides useful information to policymakers on the hotspot areas and timing of outbreaks. It also identifies when and where national surveillance and control programmes could be implemented more efficiently for the prevention and control of FMD. It is important to raise public awareness on biosecurity management and national vaccination programme to prevent outbreaks and onward transmission.
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